Background: Cardiopulmonary exercise testing is widely used to assess functional capacity in patients with tetralogy of Fallot after surgical repair. Little is known regarding the impact of age at the time of primary complete repair and surgical era effect on exercise capacity. Methods: A retrospective, single-center chart review was done from 1976 to 2016 on pediatric patients with tetralogy of Fallot who underwent cardiopulmonary exercise testing with cycle ergometry utilizing the James protocol and were then sorted by repair before/after 1990 and by age of complete repair before/after one year. Exclusion criteria included submaximal tests, incomplete data, previous pulmonary valve replacement, and surgery prior to complete repair (ie, Blalock-Taussig shunt placement). Results: When comparing the groups who underwent primary complete repair before (N ¼ 39) and after (N ¼ 26) one year of age, the younger group demonstrated a higher percentage of predicted peak oxygen consumption ( _ VO 2 peak; 83.1% + 11.8% vs 73.1% + 16.1%; P ¼ .005) despite having worse pulmonary insufficiency at the time of exercise testing. There were no differences in heart rate and blood pressure response. Age of repair was independently associated with _ VO 2 peak. Data were statistically similar to the study eras (repair before 1990, N ¼ 23; repair after 1990, N ¼ 65): percentage of predicted _ V o 2 peak (81.4% + 13.6% vs 79.1% + 14.4%, P ¼ .5), maximal systolic blood pressure (155.1 + 22.4 mm Hg vs 153.9 + 17 mm Hg, P ¼ .8), and percentage of predicted maximal heart rate (89.8% + 9% vs 92% + 7.1%, P ¼ .3). Conclusions: Older age at primary repair appears to negatively impact _ V o 2 peak; however, era effect does not appear to influence cardiopulmonary exercise testing outcomes.
Introduction
Tetralogy of Fallot is the most common form of cyanotic congenital heart disease affecting 7% to 10% of all infants born with congenital heart disease. 1 Since the first reported surgical repair in 1955, there have been multiple advances in surgical repair including pulmonary valve sparing techniques, the utilization of a transatrial surgical approach, and the increasing frequency of repair in infancy. [2] [3] [4] Despite the advances in surgical repair, tetralogy of Fallot patients continue to demonstrate marked and often progressive right ventricular disease that can manifest as impaired physical activity tolerance. 5 The cardiopulmonary exercise test has been useful with both diagnosing exercise intolerance and prognosis prediction in patients with repaired tetralogy of Fallot. 6, 7 Although the cardiac limitations to exercise in repaired tetralogy of Fallot patients are well described, there has been minimal research to date comparing exercise performance in tetralogy of Fallot patients repaired in infancy versus later in life. 8 Additionally, less is known about how these exercise limitations are affected by the era of repair and whether improvements in surgical technique have resulted in more favorable exercise testing measures. The primary aims of this study were (1) , were removed from the analysis in an effort to standardize patients and eliminate possible cofounders. A detailed chart review of past clinic visits, echocardiograms both prior to operative repair and cardiopulmonary exercise testing, electrocardiogram (ECG) prior to cardiopulmonary exercise testing, and operative reports was performed to obtain a surgical history for each patient. Additionally, as many of these patients have had multiple exercise tests over the years, the first maximal effort test was included in the analysis for consistency and to limit possible learning effect. Once the inclusion/exclusion criteria were applied, the cohort was then subdivided to allow for analysis into age of primary complete repair and the effect of surgical era on cardiopulmonary exercise test results. When analyzing the effect of age at primary complete repair on cardiopulmonary exercise test results, only patients tested after January 1, 1990 , were analyzed to eliminate era effect as a possible cofounder. We performed comparisons of cardiopulmonary exercise test results in tetralogy of Fallot patients with age of primary complete repair before and after one year of age ( Figure 1 ). For the era effect analysis, we used January 1, 1990, as the different delineating point as many of the more contemporary repair techniques (transatrial approach, valve sparing repair, and infant repair) became more widespread in our center around this time ( Figure 1 ).
All patients were tested utilizing the James cycle ergometer protocol, secondary to this being the main cycle ergometer protocol used in our exercise laboratory prior to 2016. 9 Oxygen consumption and carbon dioxide production were measured at rest and during each workload using a metabolic cart (in-house manufactured metabolic cart using a gas spectrometer or Parvomedics Model TrueMax 2400 (Salt Lake City, Utah)). Heart rate and a 12-lead electrocardiogram strip were recorded at rest, during each minute of exercise, immediately post exercise, and 1, 3, 5, 10, and 15 minutes post exercise. Blood pressure was measured at rest in the supine position and while sitting on the cycle ergometer, during each workload, immediately post exercise, and 1, 3, 5, 10, and 15 minutes post exercise using the auscultation method and a manual sphygmomanometer appropriately sized for the patient. An exercise test was judged to be a maximal test if two of the following three criteria were met: respiratory exchange ratio greater than 1.1, peak heart rate greater than or equal to 85% of the age-predicted maximal heart rate (220 À age in years), and maximal rating of perceived exertion score greater than or equal to 18 (range: 6-20). 10 The percentage of predicted peak oxygen consumption ( _ VO 2 peak) was calculated using prediction equations described by Cooper et al. 11 Data are presented as mean + standard deviation. Differences between the study patients were assessed using an unpaired t test for normally distributed data and the Wilcoxon signed rank test for non-normally distributed data where appropriate. All tests were performed two sided. Associations between normally distributed variables were calculated using the Pearson correlation coefficient. P < .05 was considered significant. Multivariate regression models were derived to determine independent predictors of percentage of predicted _ VO 2 peak. Statistical analyses were performed using JMP, version 14 from SAS Institute Inc (Cary, North Carolina).
Results
A total of 223 pediatric patients with tetralogy of Fallot were tested at Cincinnati Children's Hospital Medical Center from January 30, 1976, to December 30, 2016, with 135 patients being excluded for having submaximal effort exercise tests (n ¼ 60), utilization of a non-James exercise protocol (n ¼ 23), incomplete exercise data (n ¼ 28), and no surgery dates listed (n ¼ 16). Additional excluded patients included six patients with prior Blalock-Taussig shunt placement and two patients with comorbid atrioventricular septal defects. Following application of the exclusion criteria, there were 88 patients who qualified for inclusion in the study. Zero of these patients had pulmonary valve replacement prior to exercise testing. Of the 88 patients, 50 patients had primary repair with a transannular patch, 11 patients had primary repair with a nontransannular patch, 11 patients had repair with a right ventricle to pulmonary artery conduit, and 16 patients had undefined repair (secondary to incomplete surgical records). For the entire cohort, the average age (12.1 + 2.9 years), height (149.6 + 15.5 cm), weight (44.2 + 13.8 kg), body surface area (1.4 + 0.3 m 2 ), and age of primary complete repair (1.3 + 1 years) were recorded. The primary indication for exercise testing was routine surveillance; however, 12 patients were tested secondary to evaluation for pulmonary valve replacement. The cardiopulmonary exercise test data for the entire cohort included exercise time (8.1 + 2.9 minutes), total working capacity (3,579 + 2,112 kg-m/min), percentage of predicted _ VO 2 peak (79.7% + 14.2%), percentage of predicted oxygen pulse (O 2 Pulse; 82.4% + 14.5%), maximal systolic blood pressure (154.2 + 18.5 mm Hg), and percentage of predicted maximal heart rate (91.4% + 7.6%). For further analysis, the 88 patients were further subdivided into groups to analyze age of primary complete repair and era effect on cardiopulmonary exercise test outcomes.
Age of Primary Complete Repair
In analyzing the effect of age at repair on cardiopulmonary exercise test outcomes, we further divided the entire cohort into patients who had their primary complete repair after January 1, 1990, to eliminate possible era effect as a cofounder. We compared cardiopulmonary exercise test results in patients younger and older than one year of age at primary complete repair. There were 39 patients 1 year of age and 26 patients >1 year of age who met the criteria to be studied ( Figure 1 ). In the patients who had repair 1 year of age, they underwent complete repair with a transannular patch (n ¼ 24), nontransannular patch (n ¼ 12), or placement of a right ventricle to pulmonary artery conduit (n ¼ 3). Patients repaired >1 year of age underwent complete repair with a transannular patch (n ¼ 16), nontransannular patch (n ¼ 8), or placement of a right ventricle to pulmonary artery conduit (n ¼ 2). On chart review, the main reason for the 26 patients who underwent primary complete repair after one year of age was cyanosis as their primary surgeon did not routinely perform elective repair in infancy until the mid-1990s. In the group repaired <1 year of age, 21 patients were repaired via a ventriculotomy, 10 patients were repaired via a transatrial approach, and 8 patients via unknown approach secondary to incomplete records. In the group repaired >1 year of age, 5 patients repaired via ventriculotomy, 11 patients repaired via a transatrial approach, and 10 patients via unknown approach secondary to incomplete records. There was a significant difference in cardiopulmonary bypass time during surgery between the groups, with the younger age of repair group having longer bypass times (119.9 + 56.3 minutes vs 82.5 + 22.5 minutes; P ¼ .04). There were no significant differences in the age at testing, gender, and size between the tetralogy of Fallot groups ( Table 1 ). The ECG and echocardiogram results from the time of exercise testing are described in Table 1 .
Cardiopulmonary exercise test results are listed in Table 1 . On comparison, the group repaired 1 year of age demonstrated a higher percentage of predicted _ VO 2 peak (83.1% + 11.8% vs 73.1% + 16.1%, P ¼ .005) and percentage of predicted O 2 Pulse (84.4% + 14.1% vs 75.8% + 12.7%, P ¼ .01; Figure 2 ). There were no significant differences between the groups in exercise time (7.8 + 1.9 minutes vs 8.4 + 3.1 minutes, P ¼ .3), total working capacity (3,220 + 1,574 kg-m/min vs 3,622 + 2,537 kg-m/min, P ¼ .4), percentage of predicted maximal heart rate (93.3% + 8.8% vs 93.1% + 5.5%, P ¼ .1), or maximal systolic blood pressure (151.3 + 14 mm Hg vs 157.8 + 20.4 mm Hg, P ¼ .1).
Body mass index (BMI) and age of complete repair were significantly associated with the percentage of predicted _ VO 2 peak ( Table 2) . On multivariate analysis, BMI and age of primary complete repair each were independently associated with percentage of predicted _ VO 2 peak (Table 2 ). There was no association between pulmonary insufficiency and right ventricular dilation at the time of exercise testing with the percentage of predicted _ VO 2 peak.
Decade of Primary Complete Repair
When comparing the groups who underwent complete repair before and after January 1, 1990, there were 23 patients who underwent repair on or before January 1, 1990, and 65 patients who underwent repair after January 1, 1990 (Figure 1 ). On further breakdown, 5 patients were repaired in the 1970s, 18 patients were repaired in the 1980s, 54 patients were repaired in the 1990s, and 11 patients were repaired in the 2000s. In the group repaired on or before January 1, 1990, 7 patients had primary repair with a transannular patch, 2 patients had primary repair with a nontransannular patch, 1 patient had repair with a right ventricle to pulmonary artery conduit, and 13 patients had undefined repair (secondary to incomplete surgical records). In the group repaired after January 1, 1990, 43 patients had primary repair with a transannular patch, 9 patients had primary repair with a nontransannular patch, 10 patients had repair with a right ventricle to pulmonary artery conduit, and 3 patients had undefined repair (secondary to incomplete surgical records). In the group repaired before January 1, 1990, 10 patients were repaired via a ventriculotomy and 13 patients via unknown approach secondary to incomplete records. In the group repaired after January 1, 1990, 21 patients were repaired via ventriculotomy, 26 patients were repaired via a transatrial approach, and 18 patients via unknown approach secondary to incomplete records. There were no significant differences in the age at testing, gender, size, and age of primary complete repair between the tetralogy of Fallot groups (Table 3 ). Figure 2 . Percentage predicted exercise data in tetralogy of Fallot patients repaired less than and greater than 1 year of age. _ VO 2 peak indicates peak oxygen consumption; yo, years old. Due to the age of many of the exercise tests, there were a significant amount of data missing from the analysis. There were 55 patients who had an ECG recorded at the time of their exercise test in the group repaired after January 1, 1990, compared to 5 patients with an ECG in the group repaired before January 1, 1990 . The average QRS duration was significantly different between groups (129.9 + 3 milliseconds vs 155.2 + 10 millisecond, P ¼ .02) in the context of a significant amount of missing data. There were 59 patients who had an echocardiogram recorded at the time of their exercise test in the group repaired after January 1, 1990, compared to 4 patients with an echocardiogram in the group repaired before January 1, 1990. There were no significant differences between groups in the degree of pulmonary insufficiency, pulmonary stenosis, or right ventricular dilation between groups again in the context of a significant amount of missing data.
The cardiopulmonary exercise test results are listed in Table 3 . There were no significant differences between the groups in any of the exercise test parameters measured (Figure 3 ). Complete repair after 1990 was not associated with percentage of predicted _ VO 2 peak. Additionally, there were no significant associations with percentage of predicted _ VO 2 peak in patients repaired via either a transannular patch or right ventricle to pulmonary artery conduit ( Table 2) .
Comments
Although there have been improvements in surgical technique for complete repair of tetralogy of Fallot over the years, there remains a significant impact in the exercise capacity of these patients. 5, 12 There have been few studies evaluating how functional capacity is affected by age of complete repair. 8, 13 In one retrospective study involving 50 patients, there was no significant difference in the _ VO 2 peak between tetralogy of Fallot patients repaired younger and older than one year of age. 8 Noteworthy for this study however is that the percentage of predicted _ VO 2 peak was greater than 90% for both comparison groups, with only 16% of the cohort having a predicted _ VO 2 peak <80%. Typical postoperative tetralogy of Fallot patients have a more wide ranging functional capacity ranging from normal to overtly abnormal. 14, 15 An additional study in 74 patients who underwent repair between 1982 and 1992 also found no difference in _ VO 2 peak between tetralogy of Fallot patients repaired younger and older than 1.5 years of age, with both groups having abnormal functional capacity (*70% predicted _ VO 2 peak). 13 Our findings contrast with that of Mahle et al 8 and Yetman et al 13 in that our cohort demonstrated preservation of their functional capacity when repaired at younger ages, which could represent a novel finding in this population. These findings were seen despite the fact that patients repaired at younger age had worse pulmonary insufficiency at the time of exercise testing and longer cardiopulmonary bypass time at surgery. As infant repair has become more standard of care for tetralogy of Fallot patients, perhaps this study demonstrates that patients repaired at an earlier age appear to have more preserved functional capacity. There are some possible mechanisms to explain this. First, previous studies have hypothesized that earlier surgical repair of tetralogy of Fallot may promote pulmonary vascular growth and improved alveolar maturation. 16 Patients repaired later in life may have differences in pulmonary vascular development and maturation leading to future abnormalities in pulmonary function and exercise capacity. Another possible mechanism is that patients repaired at older age may have developed worse right ventricular hypertrophy and/or depressed ventricular function, which were both reasons for the move toward infant repair. 17, 18 Having either right ventricular hypertrophy or impaired function has been shown to reduce exercise capacity in this population. 5 This could be proven by comparing cardiopulmonary exercise tests and echocardiograms between tetralogy of Fallot patients based on age of complete repair.
Selection bias, however, could explain for the difference in _ VO 2 peak based on age of complete repair. We attempted to match for era effect by limiting tests in patients who were repaired after 1990 and there were no differences in surgical technique used between groups; however, the relatively large amount of patients repaired at older age as opposed to infancy implies some management bias leading to an older age of repair. Review of the medical records suggest that the older age of primary complete repair for the majority of the patients was due to surgical preference as this program was not yet performing elective complete repair routinely on all infants. However, the older date of many of these tests preclude more details of their selection criteria from being known.
To the best of our knowledge, there have been no studies prior to ours comparing cardiopulmonary exercise test results between surgical eras. Our study shows no significant improvement in functional capacity or chronotropic response between the eras. These data could imply that the improvement in surgical techniques has not solved a major determinant in poor _ VO 2 peak in these patients, which is progressive right ventricular dilation and dysfunction secondary to pulmonary insufficiency. 5, 7 Perhaps as valve-sparing surgical techniques continue to improve and minimize the degree of pulmonary insufficiency, there will be a noticeable improvement in the functional capacity between surgical eras. On the other hand, it is possible that the overall cohort was too small to notice a discernable signal or that there were significant cofounders between the groups that were unrecognized secondary to the lack of imaging data in our cohort.
There are other potential limitations to our study. As this is a retrospective study over several decades, there's the potential for further selection bias as many of these patients were tested secondary to symptoms and thus may be more inclined to have abnormal test results. Additionally, while this cohort has comparable patient volumes to other studies evaluating effects of age of complete repair on cardiopulmonary exercise test, this is still an overall small sample size, which was made smaller by our exclusion criteria. 8, 13 A larger multicenter cohort may be needed to better characterize these abnormalities. As routine screening of all tetralogy of Fallot patients becomes more common, ideally the potential pool for asymptomatic research participants will increase as well. 15 
Conclusions
Despite advances in surgical care, tetralogy of Fallot patients often demonstrate abnormal functional capacity on cardiopulmonary exercise testing. Our findings suggest younger age of complete repair may result in improved _ VO 2 peak in these patients, possibly secondary to the younger patients having improved pulmonary vasculature development and less right ventricular hypertrophy. There does not appear to be a significant difference in the _ VO 2 peak between surgical eras indicating that future improvements in surgical technique may be needed to provide further normalization of functional capacity.
